PURPOSE Phosphatidylinositol 3-kinase (PI3K) signaling is highly active in glioblastomas. We assessed pharmacokinetics, pharmacodynamics, and efficacy of the pan-PI3K inhibitor buparlisib in patients with recurrent glioblastoma with PI3K pathway activation.
INTRODUCTION
Glioblastoma is the most common malignant primary brain tumor. 1 Despite treatment with surgery, radiation therapy (RT), and chemotherapy, outcomes have not substantially improved over the past two decades, with median overall survival (OS) of only 14 to 18 months. [2] [3] [4] Limited drug delivery as a result of the blood-brain barrier (BBB) represents one of the most significant challenges and partly explains why many agents that target oncogenic pathways of glioblastoma but whose chemical properties do not allow significant BBB penetration have minimal efficacy. 5 However, few studies directly examined tumor tissue during treatment, 6, 7 which prevents reliable conclusions about drug effectiveness with regard to level of target inhibition and effects on cell death and proliferation. Studies designed to confirm drug penetration and target engagement therefore may be critical to understanding trial results and improving outcomes in glioblastoma.
The PI3K pathway is activated in most glioblastomas. 8 PTEN loss and PIK3CA or PIK3R1 mutations represent potential therapeutic targets that are found in approximately 45% of glioblastomas. 8, 9 Previous trials of mechanistic target of rapamycin (mTOR) complex 1 inhibitors did not show significant efficacy. 6, 10, 11 More recently, PI3K inhibitors have been evaluated. In a trial of the pan-PI3K inhibitor PX-866 in 32 molecularly unselected patients with recurrent glioblastoma, one patient achieved a partial response (PR), and the 6-month progression-free survival (PFS6) rate was 17%. 12 However, this study did not evaluate whether adequate brain penetration and target engagement was achieved.
Buparlisib (NVP-BKM120) is an oral pan-PI3K inhibitor that targets all four isoforms of class 1 PI3K (a, b, g, and d). 13 Buparlisib has high penetration across the BBB. In preclinical studies, buparlisib enters the brain at therapeutic concentrations demonstrated to inhibit the PI3K pathway in normal brain and glioma models in vitro and in vivo. [14] [15] [16] The Ivy Foundation Early Phase Clinical Trials Consortium conducted a phase II trial of buparlisib in patients with recurrent glioblastoma with evidence of PI3K pathway activation to assess the pharmacokinetics, pharmacodynamics, and efficacy of buparlisib in this population.
METHODS

Study Design and Participants
This study was a multicenter, open-label, and multi-arm phase II trial in patients with recurrent glioblastoma at first or second relapse. Written informed consent was obtained from all participants. The study was approved by the local institutional review board of each participating institution and consisted of two cohorts: a surgery plus treatment arm (cohort 1) and a treatment-only arm (cohort 2; Appendix Fig  A1, online only). Eligible participants were age 18 years or older with a centrally confirmed diagnosis of glioblastoma. Patients must have not responded to prior RT, with an interval of at least 12 weeks from RT completion to study entry. Tumor progression was confirmed by magnetic resonance imaging or computed tomography scan. Prior treatment with bevacizumab or vascular endothelial growth (n = 50) (n = 50) (n = 50) (n = 50) (n = 38) (n = 15) (n = 50) (n = 13) (n = 46) (n = 1) (n = 1) (n = 1) (n = 0) (n = 0) (n = 3) (n = 50) (n = 50) (n = 0) (n = 0) factor receptor 44 inhibitors, PI3K, AKT, or mTOR inhibitors was not permitted. Patients had a Karnofsky performance status greater than or equal to 60, adequate organ and bone marrow function, fasting plasma glucose less than 120 mg/dL, hemoglobin A1C less than or equal to 8%, baseline left ventricular ejection fraction greater than or equal to 50%, and QTc less than 480 ms. Patients on enzyme-inducing anticonvulsants, warfarin, more than 4 mg/d dexamethasone, strong CYP3A inhibitors or inducers, or QT-prolonging medications were excluded, as were patients with a history of clinically significant cardiovascular events, intratumoral hemorrhage, or psychiatric disorders.
Histomolecular criteria for eligibility included PIK3CA or PIK3R1 mutation, loss of PTEN activity through PTEN mutation, homozygous deletion or negative PTEN expression (, 10% of tumor cells that stained positive), or positive phosphorylated AKT S473 (pAKT S473 ) by central immunohistochemistry (IHC) review. Cohort 1 surgical patients were required to have positive expression of pAKT S473 within the archival tumor.
Procedure
Buparlisib was supplied by Novartis (East Hanover, NJ). The dose of buparlisib was 100 mg administered orally daily. 17, 18 In cohort 1, participants received a pre-operative course of buparlisib for 7 to 13 days. The last dose of buparlisib was on the day of surgery. Whenever possible, tissue from both enhancing and nonenhancing tumor was collected. After recovery from surgery, participants resumed buparlisib in a manner consistent with cohort 2. In cohort 2, participants received buparlisib 100 mg daily for each 28-day cycle until disease progression or unacceptable toxicity.
Tumor assessments were performed with magnetic resonance imaging scans every 8 weeks using the Response Assessment in Neuro-Oncology criteria (Appendix Table A1 , online only). 19 PFS6 was defined as the proportion of participants alive and progression free at 6-months from cycle 1, day 1, of buparlisib. Only participants who had measurable disease at baseline and received at least one dose of therapy were evaluable for response, which was centrally reviewed for participants who achieved response or PFS6. Adverse events were evaluated using the National Cancer Institute Common Terminology Criteria for Adverse Events (version 4.0). Additional analyses, including pharmacokinetics and IHC studies, tumor genomic profiling, reverse-phase protein array (RPPA), and matrix-assisted laser desorption/ionization-mass spectrometry imaging are described in the Appendix (online only).
Outcomes
The primary objectives in cohort 1 were to evaluate PI3K pathway modulation as a result of buparlisib in tumor tissue and to evaluate buparlisib concentration in enhancing and nonenhancing tumor tissue and plasma. Secondary end points included pharmacokinetics and safety of buparlisib in this population. Exploratory end points included correlation of 18 F-fluorodeoxyglucose (FDG) positron emission tomography with response.
In cohort 2, the primary objective was to investigate the treatment efficacy of buparlisib in participants with recurrent glioblastoma as assessed by PFS6. Secondary end points were response rates and the median PFS, OS, and safety profile of buparlisib. Exploratory end points included correlation of outcomes with tumor genomics.
Sample Size Justification
The cohort 1 primary end point was the modulation of the PI3K pathway as assessed by IHC for pAKT S473 and phosphorylated S6 S235/236 (pS6 S235/236 ). On the basis of historical data or mTOR complex 1 inhibitors in recurrent glioblastoma, 6 a pharmacodynamic response rate less than 40% was considered to be low, a response rate of greater than or equal to 75% was considered to be high, and this portion of the trial was considered a success if nine (60%) of 15 participants showed a pathologic response. With a sample size of 15 patients, there was a 94% chance of this occurring if the true response rate was 75% and a 10% chance of this occurring if the true response rate was 40%.
The cohort 2 primary end point was PFS6. Historical comparison data suggested that ineffective therapies in 5, 20, 21 The trial was sized to differentiate between a 15% and a 32% PFS6. With a total sample size of 50 participants, this design yielded at least 90% power with a one-sided a less than .1 to detect a true PFS6 rate of at least 32%. If the number of successes was 12 or more, the therapy was to be considered worthy of additional study. More statistical analysis details are provided in the Appendix.
RESULTS
Patient Characteristics
Between May 9, 2011, and February 26, 2014, 136 patients were screened for eligibility from seven centers in the United States. Of these patients, 71 were excluded (Fig 1) . Sixty-five patients were eligible and assigned to receive buparlisib (cohort 1, n = 15; cohort 2, n = 50; Fig 1) . Baseline characteristics of patients are listed in Table 1 
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Pharmacokinetics and Pharmacodynamics of Buparlisib
Buparlisib was absorbed rapidly, achieving a maximum plasma concentration of 471 6 147 ng/mL and 820 6 192 ng/mL within a median of 1.5 hours postdose on days 1 and 8, respectively (Appendix Table A2 , online only). Both maximum plasma concentration and exposure (0-to 5-hour area under the curve) increased between days 1 and 8, with an accumulation ratio of 1.88 6 0.503 and 2.42 6 0.726, respectively (Appendix Table A2 ). The accumulation of buparlisib was consistent with the reported half-life of approximately 40 hours reaching steady state by day 8. 17, 18 Resected tumor tissue was evaluable for pharmacokinetics and pharmacodynamics analyses in 14 patients. The average time between the last dose of buparlisib and the time of tumor sampling was 5 6 1.61 hours. The average plasma concentration at the time of the tumor sampling was 585 6 192 ng/mL. The geometric mean concentration of buparlisib in the tumor tissue was 612 ng/g (range, 86 to 6,947 ng/g), with a resulting tumor-to-plasma geometric mean ratio of 1.0 (range, 0.18 to 8.44). There was no significant difference between the non-contrast-enhancing (CE) and CE tumor tissue concentrations of buparlisib (mean, 404 6 429 v 654 6 363, respectively; P = 0.16; Fig  2A) . Brain penetration of buparlisib also was confirmed by matrix-assisted laser desorption/ionization-mass spectrometry imaging performed on tumor specimens that showed the presence of drug in the tumor as well as in the infiltrated brain parenchyma ( Fig 2B) .
A decrease in pAKT S473 IHC score was achieved in six patients (42.9%) and was statistically significant in the overall cohort (Figs 2C to 2E), whereas the analysis of an independent set of pre-and post-treatment (RT + temozolomide) glioblastoma pairs did not show significant change in pAKT S473 or pS6 S235/236 IHC (Appendix Fig A2, online only). A reduction in pAKT T308 only in post-buparlisib treatment tumor also was observed in RPPA analysis of 299 antibodies (Appendix Table A4 , online only). Nevertheless, in seven patients (50%), no change in pAKT S473 IHC score was noted, and one patient (7.1%) had an increase in pAKT S473 IHC score, which suggested an incomplete blockade of PI3K signaling in approximately one half of patients. This finding was consistent with the absence of modulation of pS6 S235/236 by IHC and lack of consistent changes in pS6 S235/236 , pS6 S240/244 , and p70 S6 T389 kinases in the RPPA analysis (Appendix Fig A3, online only; Appendix Table A4 ). Moreover, RPPA analysis did not show a consistent change in members of the mitogen-activated protein kinase (MAPK) pathway when comparing buparlisibtreated versus control glioblastoma pairs (Appendix Table  A4 ). Finally, there was no significant change in tumor cell proliferation between baseline and post-buparlisib treatment samples as assessed by the IHC proliferation marker Ki-67 (Appendix Fig A2) .
Outcome
At final analysis (April 30, 2018), none of the 65 patients remained on treatment. The most frequent reason for treatment discontinuation in both groups was disease progression (59 [90.8%]; Fig 1) . The median follow-up was 15.6 months (range, 3.6 to 36.6 months) in cohort 1 versus 9.8 months (range, 1.0 to 71.2 months) in cohort 2.
The study did not meet its primary end point for PFS6 with buparlisib in cohort 2 (n = 50); four patients (8%; 95% CI, 3% to 19%) reached PFS6, and the median PFS was 1.7 months (95% CI, 1.4 to 1.8 months; Table 2 ; Appendix Fig A4, online only) . OS data were mature, with 58 deaths in the total population at the cutoff date (cohort 1, n = 13; cohort 2, n = 45). Two patients were still alive, and five were lost to follow-up. The median OS was 17.9 months (95% CI, †Assessed per Response Assessment in Neuro-Oncology. ‡Kaplan-Meier estimates; three patients from cohort 2 were censored without having progressed. §Kaplan-Meier estimate; two patients from cohort 1 were lost to follow-up, three patients from cohort 2 were lost to follow-up, and two patients from cohort 2 were still alive at data cutoff. 9.3 to 29.2 months) in cohort 1 and 9.8 months (95% CI, 8.4 to 12.1 months) in cohort 2 ( Table 2 ; Appendix Fig A4) .
Best overall response was evaluable in 63 patients (96.9%). No patients achieved a radiographic response ( Table 2 ). Six patients (40%; 95% CI, 20% to 64%) in cohort 1 and 21 (43.8%; 95% CI, 31% to 58%) in cohort 2 had disease stabilization as best response. In addition, 12 patients in cohort 1 had an FDG-positron emission tomography scan performed before and after treatment with buparlisib (mean delay, 11.4 days; range, 7 to 25 days). Six of the 12 patients had a modest decrease in tumor-tobackground ratio in FDG uptake (22.35% to 218.7%), but there was no correlation with outcome.
Correlation of Outcomes With Genotyping
Correlation between outcome and tumor genotyping was assessed in 46 patients (71.9%; eight [53.3%] in cohort 1 and 38 [76%] in cohort 2) for whom copy number array and/or tumor-targeted sequencing was available (Fig 3) .
Overall, pathogenic variants of PTEN, PIK3CA, or PIK3R1 were identified in 27 patients (56.3%; Fig 3) .
Candidate biomarkers, including PTEN, PIK3CA, PIK3R1, EGFR, PDGFRA, IDH1/2, and TP53 molecular alterations and IHC evidence for PTEN inactivation, pAKT S473 , and pS6 S235/236 activation, were evaluated for their association with outcome. Although no statistically significant association was found between PFS6 or OS and any of the candidate biomarkers, there was a shorter PFS in patients with IDH1/2-mutant versus IDH1/2 wild-type glioblastoma (median PFS, 0.9 months [interquartile range (IQR), 0.9-1.8 months] v 1.8 months [IQR, 1.1-3.6 months], respectively; log-rank P = .002; Appendix Fig A5, Toxicity Table 3 lists the most common grade 3 and 4 adverse events. Overall, grade 3 to 4 treatment-related adverse events were reported in 40.0% (95% CI, 19.8% to 64.3%) of patients in cohort 1 and 32.0% (95% CI, 20.8% to 45.8%) of patients in cohort 2. Only one patient (1.5%) experienced a grade 4 toxicity that was at least possibly related to treatment, and consisted of an asymptomatic lipase increase. No suicidality was reported. No ontreatment deaths occurred. Buparlisib treatment was discontinued in two patients (3.1%) as a result of adverse events, one in each arm. The most common adverse events that led to dose reduction or discontinuation were increased lipase in six patients (9.2%) and increased ALT and hyperglycemia in five (7.7%).
DISCUSSION
This study shows that the brain-penetrant PI3K inhibitor buparlisib has minimal single-agent efficacy in patients with recurrent glioblastoma. 5, 20, 21 Buparlisib did not meet the primary pharmacodynamic and efficacy end points of this study. These findings are consistent with previous results wherein PI3K/mTOR inhibitors alone or in combination with cytotoxic or targeted therapies in patients with glioblastoma unselected for PI3K pathway activation showed no clinical benefit. 6, [9] [10] [11] 12, [22] [23] [24] [25] [26] [27] Although PI3K pathway activation was confirmed in all patients, post hoc analyses did not show a correlation between the mutation status of PTEN, PIK3CA, and PIK3R1 and outcome. Of note, a shorter PFS was observed in patients with IDH1/2-mutant tumors. However, because this was a post hoc analysis in a relatively small number of patients with IDH1/2-mutant tumors, definitive conclusions will require increased numbers.
To our knowledge, this study provides the first evidence that buparlisib can achieve adequate brain penetration in patients with glioblastoma. Buparlisib accumulation was seen in both CE and non-CE areas of tumor, with a trend to higher accumulation in CE areas. These findings are consistent with preclinical and early-phase studies of buparlisib 14, 16, 28, 29 as well as with the phase III trial BELLE-2 in human epidermal growth factor receptor 2-negative metastatic breast cancer. 30 In this study, a higher rate of psychiatric adverse effects, including depression and anxiety, was observed with buparlisib, which were not reported with other PI3K inhibitors [31] [32] [33] [34] [35] and were attributed to the high BBB penetration of buparlisib.
Our multidimensional analysis, including IHC, study of cell proliferation and signaling markers, RPPA, and tumor genomic profiling provide important insights for understanding mechanisms of resistance to single-agent PI3K inhibitors in glioblastoma. Although our analyses document inhibition of pAKT S473 in a subset of patients, blockade of the PI3K pathway activity was incomplete, as evidenced by the limited effects on downstream pS6 S235/236 . This was associated with minimal effects on tumor cell proliferation and outcome. The morphometric IHC and RPPA analyses suggest that persistent downstream signaling occured through incomplete blockade of PI3K pathway together with activity of complementary pathways, including MAPK signaling. Previous studies showed that buparlisib concentrations required to fully inhibit PI3K activity generate toxic off-target effects on cytoskeleton dynamics, 36 which suggests that the therapeutic window of buparlisib might be too narrow in glioblastoma. The robust activity of PI3K signaling in glioblastoma may require more potent and selective inhibitors that would achieve greater pathway inhibition without causing dose-limiting adverse events.
Besides incomplete PI3K pathway inhibition, the persistent activity of p70 S6 kinases and the MAPK pathway observed in the RPPA analysis suggests activation of alternate prosurvival pathways that also may contribute to buparlisib resistance. This phenomenon might be overcome by a combination of buparlisib or other PI3K inhibitor with inhibiting complementary signaling or feedback molecules, such as sonic hedgehog, ribosomal S6 kinase, or insulin. [37] [38] [39] [40] A limitation of our study was the use of historical data as reference because of a lack of a control arm in the study design. Nevertheless, the absence of radiologic response observed in this study suggests that buparlisib has minimal single-agent efficacy in this population and is unlikely to demonstrate benefit against controls in future trials. Another limitation was that biomarker analyses for study entry were performed on archival tissues instead of use of an immediate pretreatment biopsy sample because the feasibility of performing sequential biopsies was limited by ethical considerations. However, recent studies that addressed clonal evolution of glioblastoma under therapy using whole-exome sequencing of pre-and posttreatment-paired tumors showed that molecular alterations of PTEN, PIK3CA, or PI3R1 are rarely lost in recurrent samples. [41] [42] [43] This suggests that although a certain degree of clonal evolution occurs after treatment with DNAdamaging agents, alterations in the PI3K pathway are likely retained as targets in recurrent tumors in a majority of patients.
In conclusion, this study shows that buparlisib does not provide clinically meaningful benefit in patients with PI3K-activated recurrent glioblastoma. Our finding that pathway inhibition was incomplete suggests that additional studies are warranted to assess whether more potent and selective PI3K inhibitors may achieve greater pathway inhibition and clinical benefit. Careful assessment of tissue pharmacokinetics and pharmacodynamics through the surgical arm of the study was important to our understanding that poor pathway inhibition was likely the basis for the modest response seen in patients. This suggests that in glioblastoma, more routine use of studies specifically designed to confirm drug penetration and target engagement may be beneficial to perform before considering advancing a drug for more testing. In addition, investigation of how PI3K inhibitors can be combined with complementary therapeutics to provide clinical benefit in glioblastoma are still warranted and should include studies designed to understand the dependency and associations between biomarkers and response to PI3K inhibitors, including PTEN, PIK3CA, PI3R1, and IDH1/2 mutations. 
Pharmacokinetic Evaluation
The analytic method for the quantitative determination of buparlisib in human plasma and tumor was developed and validated by Novartis (Basel, Switzerland). The method consists of a solid phase extraction using a 96-well plate with Oasis HLB cartridge (10 mg, 30 mm; Waters, Milford, MA) and analysis by liquid chromatography-tandem mass spectrometry in multiple-reaction monitoring mode using electrospray ionization in the positive ion mode. The method is suitable for the determination of buparlisib in human plasma (EDTA) over the range of 1.00 ng/mL (lower limit of quantification) to 1,000 ng/mL (upper limit of quantification). No matrix effect was observed; mean recovery ranged from 59% to 61%. Buparlisib was stable in stock and diluted solutions, in matrix, and after multiple freeze-thaw cycles. The assay method exhibited sufficient specificity and selectivity, accuracy, precision, and sensitivity for the purposes and conclusions of the individual studies. For pharmacokinetic studies, blood samples were collected at the following time points on days 1 and 8 (6 1 day) before surgery: predose and at 0.5, 1.5, 3, and 5 hours postdose. Non-contrast-enhancing and contrast-enhancing brain tumor tissue and a concomitant blood sample were obtained at the time of surgery. Standard pharmacokinetic parameters were determined using noncompartmental methods.
The tumor-to-plasma ratio was calculated by dividing the tumor geometric mean concentration by the plasma geometric mean concentration at the time of surgery.
Immunohistochemical Studies
Immunohistochemical (IHC) stainings for PTEN (#9559, 1:50 dilution, heated citrate retrieval; Cell Signaling Technologies, Danvers, MA), positive phosphorylated AKT (pAKT) S473 (#4060, 1:75 dilution, EDTA retrieval; Cell Signaling Technologies), and phosphorylated S6 (pS6) S235/236 (#4858, 1:75 dilution, EDTA retrieval; Cell Signaling Technologies) were performed on 5-mm formalin-fixed paraffinembedded (FFPE) tissue sections.
In the surgical component of the trial, modulation of the phosphatidylinositol 3-kinase pathway response in tumor tissue was determined by pathologist-performed semiquantitative IHC scoring of pAKT and pS6 on the basis of previously established methods in preclinical models and clinical trials of glioblastoma. 6, 22 Sample staining was scored for intensity in tumor cells on a 0 to 2+ scale (0, no staining; 1+, weak positive staining; 2+, strong positive staining, with 1+ and 2+ being the average intensity of all positive cells in the cohort). Staining within nontumor elements (eg, macrophages, vessels) was not included in the scoring. Change in pAKT and pS6 IHC scores was the difference in score from baseline to surgery in each participant. Participants were classified into three groups; a reduction of staining score of one or more degrees qualified for response, whereas no change or an increase in score qualified for no response.
Matrix-Assisted Laser Desorption/Ionization-Mass Spectrometry Imaging Drug Analysis on Surgical Specimens
Surgical sections were flash frozen after surgery, stored at 280°C, and placed at 225°C 1 hour before use. Twelve-micrometer coronal tissue sections were prepared using a Microm HM550 cryostat (Thermo Fisher Scientific, Waltham, MA) and thaw mounted onto indium tinoxide-coated microscopic slides (Bruker, Billerica, MA) for matrixassisted laser desorption/ionization-mass spectrometry imaging and onto optical slides for hematoxylin and eosin staining. Samples were dried for 15 minutes in a desiccator. 2,5-Dihydroxybenzoic acid (40 mg/mL solution in methanol OH/0.2% trifluoroacetic acid 70:30 volume-to-volume ratio) was deposited using the TM-Sprayer system (HTX Technologies, Chapel Hill, NC) as previously described (Sun Y et al: Neuro-oncol 19:774-785, 2017). Mass spectra were acquired using a 9.4-T solariX XR Fourier transform ion cyclotron resonance mass spectrometer (Bruker). 
Tumor Genotyping
Reverse-Phase Protein Analysis
For comparison of signaling changes in buparlisib-treated patients, 11 paired untreated versus standard-of care-treated glioblastoma tumor sets obtained from The University of Texas M.D. Anderson Cancer Center were used as controls. Frozen tumor tissue approximately the size of a grain of rice was placed in 2-mL tubes with ceramic beads using a Precellys homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France). Tissue was lysed using ice-cold lysis solution. Lysates from flash-frozen tissues were prepared and analyzed by reverse-phase protein analysis using 299 antibodies as described previously. 45 Reverse phase protein microarrays were printed on nitrocellulose-coated glass FAST Slides (Schleicher & Schuell BioScience, Keene, NH) by a GeneTAC G3 arrayer (Genomic Solutions, Ann Arbor, MI). Antibody staining of each reverse phase protein microarray was done using an autostainer (BioGenex, Freemont, CA). The slide images were quantified using MicroVigene 4.0 (VigeneTech, Carlisle, MA). The spot-level raw data were processed using the R package SuperCurve (https://r-forge. r-project.org/R/?group_id=1899), which returns the estimated protein concentrations (raw concentration) and a quality control score for each slide. Raw concentration data were normalized by median centering of each sample across all proteins to correct loading bias.
Statistical Analyses
Data were summarized as frequencies and proportions for categorical variables and as medians and ranges for continuous variables. Intrapatient mean differences were evaluated with the paired Wilcoxon test. Intercohort mean differences were evaluated with the Mann-Whitney U test. Survival analyses (ie, progression-free survival [PFS], overall survival) were performed using the Kaplan-Meier method, and differences between groups were evaluated by the log-rank test. Survival for participants who were alive or lost to follow-up at the time of last contact on or before data cutoff was censored at the date of the last contact alive. Patients who were censored for PFS before 6-month PFS (PFS6) determination were included in the calculation of the PFS6 proportion as patients who did not reach PFS6. For biomarker evaluation, categorical groups were explored while considering variable distribution to evaluate the possible association with outcome using the Fisher's exact test (PFS6) or the log-rank test (PFS, overall survival). Differentially expressed proteins in pre-and post-treatment samples were determined using Limma (Ritchie ME, et al: Nucleic Acids Res 43:e47, 2015), a software package used to perform differential expression analysis, and the R language (http://www.R-project.org). P = .05 was set for statistical significance for all evaluations. Abbreviations: CR, complete response; NA, not applicable (increase in corticosteroids alone will not be taken into account in determining progression in the absence of persistent clinical deterioration); PD, progressive disease; PR, partial response; SD, stable disease; T1 Gd+, gadolinium-enhancing lesion on T1 magnetic resonance imaging; T2/FLAIR, fluid-attenuated inversion recovery on T2 magnetic resonance imaging.
*Progression occurs when criterion is present. 
